Recently, we proposed sialyl 6-sulfo Lewis X as a major carbohydrate-capping group of the L-selectin ligands on high endothelial venules in human lymph nodes. In this study we succeeded in reconstituting functional L-selectin ligands on a cultured human endothelial cell line, ECV304, by transfecting the ␣133fucosyltranseferase VII (Fuc-T VII) and newly cloned GlcNAc␤:6-sulfotransferase (6-Sul-T) cDNAs. The ECV304 cells transfected with Fuc-T VII cDNA expressed conventional sialyl Lewis X detected with specific antibodies including 2H5, whereas the cells transfected with 6-Sul-T cDNA expressed sialyl 6-sulfo lactosamine as well as MECA-79-defined carbohydrate determinants, but these singly transfected cells failed to express sialyl 6-sulfo Lewis X, as detected with the antisialyl 6-sulfo Lewis X mAb G152. Sialyl 6-sulfo Lewis X appeared only on the cells that were cotransfected with both 6-Sul-T and Fuc-T VII cDNAs. Significant adhesion of L-selectin-expressing cells was seen only to the doubly transfected ECV304 cells and was inhibited by G152. No adhesion was observed to the cells transfected either with 6-Sul-T or with Fuc-T VII cDNA alone. The mRNAs of the two enzymes were expressed or were inducible upon interleukin 1 stimulation in human endothelial cells. These results indicate that a set of carbohydrate determinants synthesized by the concerted action of the two enzymes, as typically represented by the sialyl 6-sulfo Lewis X-capping group, serves as an essential component of the ligand for L-selectin and that the reagents 2H5 and MECA-79, utilized in earlier studies to detect L-selectin ligand on high endothelial venules, recognize two different aspects of the same set of synthetic products.
L-selectin is a cell-adhesion molecule implicated in lymphocyte homing to peripheral lymph nodes and recruitment of leukocytes at the site of inflammation (1) (2) (3) . The study of carbohydrate ligand for L-selectin on endothelial cells has taken two major directions. It long has been known that L-selectin-mediated cell adhesion is inhibitable with highly sulfated polysaccharides such as fucoidin, and one group of researchers has focused on the sulfated carbohydrates. A mAb, MECA-79, originally established against murine lymph node stroma, has been used for the characterization of the ligand, because it recognizes certain sulfated carbohydrates present in high endothelial venules (HEVs) and has inhibitory activity toward the binding of L-selectin to HEVs (4) (5) (6) . Other researchers focused on sialylated-fucosylated carbohydrates (7) (8) (9) , because sialyl Lewis X and͞or sialyl Lewis A were identified as ligands for E-selectin (10, 11) and its C-type lectin domain was known to be substantially homologous to that of L-selectin. Several, but not all, antisialyl Lewis X antibodies labeled HEVs and inhibited binding of L-selectin to HEVs. The 2H5 antibody is one of these anti-sialyl Lewis X-like antibodies (9) . Participation of sialyl Lewis X-like fucosylated carbohydrate determinants in L-selectin-mediated cell adhesion also was supported by the severely impaired lymphocyte homing in fucosyltransferase VII Ϫ͞Ϫ mice (12, 13) .
The identification of a series of sulfated sialyl Lewis X-like determinants on MECA-79-reactive glycoproteins as putative L-selectin ligands (14, 15) made it possible to unify these two research approaches. However, which molecular species of sulfated sialyl Lewis X determinants is the major L-selectin ligand is still controversial (15) (16) (17) . Similarly, it has not been elucidated whether the MECA-79 and 2H5 antibodies recognize entirely different entities or detect different epitopes on the same determinant carried on HEVs (18) .
Recently, we have shown that sialyl 6-sulfo Lewis X is expressed strongly on human HEVs and serves as a major ligand for L-selectin by generating a series of specific mAbs related to sialyl 6-sulfo Lewis X (17, 19) . We suggested this determinant to be the sialyl Lewis X-like determinant that previously had been defined ambiguously by the 2H5 antibody. In preceding studies, we speculated the sialyl 6-sulfo Lewis X determinant to be synthesized through a cooperative action of fucosyl-and sulfotransferases (17, 19) . In this study, we have reconstituted functional ligands for L-selectin on a cultured human endothelial cell line by transfecting an ␣133 fucosyltransferase (Fuc-T VII) and a newly cloned GlcNAc␤:6-sulfotransferase (6-Sul-T) and attempted to clarify the relationship between the sialyl Lewis X-like carbohydrate epitopes and the traditional MECA-79-defined determinant.
MATERIALS AND METHODS
Transfection of Cultured Human Endothelial Cell Line ECV304 with Glycosyltransferases. ECV304 cells, originally isolated from human umbilical vein endothelial cells (20) , were maintained in DMEM supplemented with 5% FBS. To obtain human Fuc-T VII transfectants, 400 l of 5 ϫ 10 6 cells͞ml in Dulbecco's PBS buffer was transfected with 10 g of the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. This paper was submitted directly (Track II) to the Proceedings office. Abbreviations: Fuc-T VII, ␣133 fucosyltransferase VII; HEV, high endothelial venule; HUVEC, human umbilical vein endothelial cell; 6-Sul-T, GlcNAc␤:6-sulfotransferase; RT, reverse transcription. ¶ To whom reprint requests should be addressed at: Program of Experimental Pathology, Research Institute, Aichi Cancer Center, 1-1 Kanokoden, Chikusaku, Nagoya 464-8681, Japan. e-mail: rkannagi@aichi-cc.pref.aichi.jp. expression vectors containing cDNA of Fuc-T VII (pCDM8-FT VII) (21, 22 ) and 1 g of pSV2-neo by using a ECM600 Electro-Cell Manipulator (BTX, San Diego). After selection in culture medium supplemented with G418, a high-expressor clone of sialyl Lewis X was obtained by limiting dilution and used as ECV304͞Fuc-T VII transfectant cells for further experiments. To this, expression vectors containing a newly cloned murine 6-Sul-T cDNA (23) ligated in the NotI site of pIRES1hyg (pIRES1hyg-6-Sul-T) were transfected by electroporation with the same apparatus. Cells grown in selecting medium containing hygromycin were used as 6-Sul-T͞Fuc-T VII double-transfectant cells without further cloning procedures in the experiments unless otherwise indicated. The single 6-Sul-T transfectant was obtained by transfecting parental ECV304 cells with pIRES1hyg-6-Sul-T followed by culturing in the medium containing hygromycin. Cells grown in selecting medium were used as the 6-Sul-T transfectant cells for further experiments without any cloning procedure unless otherwise stated.
mAbs Directed to Sialyl Lewis X-Related Carbohydrate Determinants. The antibodies G152, directed to sialyl 6-sulfo Lewis X, and G72, recognizing sialyl 6-sulfo lactosamine, were prepared as described previously (19) . The anti-sialyl Lewis X antibody 2H5, established against a mixture of complex sialyl Lewis X-active determinants prepared from human cancer cells, was prepared as described previously (9) . A typical anti-sialyl Lewis X antibody, CSLEX-1, was obtained from American Type Culture Collection (Manassas, VA) (24) . Specificities of these antibodies are summarized in Fig. 1 . The antibody MECA-79 (rat IgM) was purchased from PharMingen (4). The anti-L-selectin antibody LAM1-3 was purchased from Coulter (25) .
Monolayer Cell-Adhesion Assay. Cell-adhesion experiments were performed as described previously (26, 27) . ECV304 cells or clones were cultured in a monolayer in 24-well plates. These cells were incubated in the presence or absence of the inhibitor anticarbohydrate antibodies (25 g͞ml) for 30 min at 37°C if indicated. (For structures of carbohydrate determinants and specificities of anticarbohydrate antibodies used in this study, see Fig. 1 .) To this, 2Ј7Ј-bis-(carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester-labeled selectin transfectant cells of murine B lymphoma 300.19͞L-selectin, 300.19͞ P-selectin, or 300.19͞E-selectin (5 ϫ 10 5 cells͞0.5 ml per well) (28) were added, and the plate was incubated with rotation at 90 rpm for 20 min at room temperature. After nonadherent cells were washed three times with PBS, the cells were lysed with 0.5% Nonidet P-40 and the attached cells were counted by measuring fluorescence using an Arvo 1420 multilabel counter (Wallac, Gaithersburg, MD). In the inhibition experiments using anti-L-selectin (LAM1-3), anti-P-selectin (124-10-1), or anti-E-selectin (NO230) antibody, the 300.19 cells expressing respective selectin were preincubated with the antibody at 50 g͞ml for 30 min at 37°C before the adhesion experiments.
Reverse Transcription (RT)-PCR and Northern Blot Analysis of Fucosyltransferase and Sulfotransferase in Human Umbilical Vein Endothelial Cells (HUVECs).
Human tonsillar endothelial cells were obtained from Dainippon Pharmaceutical (Osaka), and umbilical vein endothelial cells were from Morinaga Institute (Tokyo). Human umbilical vein endothelial cells was stimulated with 1 ng͞ml of interleukin 1␤ (IL-1␤) for 4 hr, and the total RNA was prepared by RNeasy Mini kit (Qiagen, Chatsworth, CA) and was treated with DNase I (Boehringer Mannheim) before RT-PCR. Primers used in RT-PCR analysis for Fuc-T VII were 5Ј-CTCGGACATCTT-TGTGCCCTATG-3Ј and 5Ј-CGCCAGAATTTCTCCGTA ATGTAG-3Ј, which give a 291-bp product (438-728) as described previously (30) . Those for human 6-Sul-T were 5Ј-CTCAAGGTCATCCACTTGGTGCG-3Ј and 5Ј-GGGTCT-TGCTGAGGTCTTTGACC-3Ј, which give a 598-bp product (835-1432). The latter sequences were taken from the sequence of a newly cloned human 6-Sul-T (31) with an 87% homology of the amino acid sequence to the above-described murine 6-Sul-T.
RESULTS

Specific Expression of Sialyl 6-Sulfo Lewis X on ECV304
Cells Doubly Transfected with 6-Sul-T and Fuc-T VII. When the ECV304 cells and derived transfectants were analyzed for the expression of sialyl Lewis X-related carbohydrate determinants ( Fig. 1) , both the single 6-Sul-T transfectant and 6-Sul-T͞Fuc-T VII double-transfectant cells were found to be strongly reactive to the G72 antibody. This was expected because the G72 antibody recognizes sialyl 6-sulfo lactosamine and reacts to either sialyl 6-sulfo lactosamine or sialyl 6-sulfo Lewis X (19) . Both the single Fuc-T VII transfectant and 6-Sul-T͞Fuc-T VII double-transfectant cells were strongly reactive to the 2H5 antibody. This is also expected because the 2H5 antibody reacts to either sialyl Lewis X or sialyl 6-sulfo Lewis X in ELISA by using pure carbohydrate determinants (17) .
On the other hand, the G152 antibody, which is specific to sialyl 6-sulfo Lewis X (19), was reactive with only the 6-SulT͞Fuc-T VII double transfectant. This indicates that the sialyl 6-sulfo Lewis X determinant is synthesized by the synergistic action of both enzymes, 6-Sul-T and Fuc-T VII. The parental ECV304 cells were not reactive to any of these three antibodies. Interestingly, the Fuc-T VII single-transfectant cells were strongly reactive to the CSLEX-1 antibody, which recognizes genuine sialyl Lewis X but not sialyl 6-sulfo Lewis X, whereas the double-transfectant cells were much less reactive to the antibody, suggesting that most of the sialyl Lewis X-like determinants on double-transfectant cells were 6-sulfated.
Expression of MECA-79-Defined Determinant on ECV304 Cells Transfected with 6-Sul-T and͞or Fuc-T VII. The MECA-79 antibody, which recognizes a sulfate-dependent epitope that is a component of HEV L-selectin ligands, was found to react significantly with both the single 6-Sul-T transfectant and 6-Sul-T͞Fuc-T VII double transfectant (Fig.  2) . This indicates that the determinant recognized by this antibody is a product of 6-Sul-T, which is in line with the previous suggestion that this antibody recognizes certain sulfated carbohydrates on HEV endothelial cells (6) . Expression of MECA-79 in the single 6-Sul-T transfectant and 6-Sul-T͞ Fuc-T VII double-transfectant cells was moderate. To investigate more precisely the role of MECA-79-defined determinant in L-selectin-mediated cell adhesion, a clone strongly reactive to MECA-79 was obtained from the single 6-Sul-T transfectant cells and designated as clone M01. Similarly, a weak or a strong expressor clone of MECA-79-defined determinant was obtained from the 6-Sul-T͞Fuc-T VII doubletransfectant cells by limiting dilution and designated as clone LS11 or LS12, respectively.
Specific Adhesion of L-Selectin-Expressing Cells to ECV304 Cells Doubly Transfected with 6-Sul-T and Fuc-T VII. When tested in L-selectin-mediated cell-adhesion experiments, only the 6-Sul-T͞Fuc-T VII double-transfectant cells exhibited strong adhesion of L-selectin expressing 300.19 cells among these clones, as shown in Fig. 3 On the other hand, 300.19͞P-selectin cells did not adhere to any of these transfectant cells as shown in Fig. 3 (Middle) . This is in a sharp contrast to the results obtained with 300.19͞L-selectin cells and suggests that, in spite of certain ligands in common, e.g., PSGL-1, L-and P-selectin significantly differ in ligand specificity. The parent ECV304 cell line and its transfectants lacked expression of PSGL-1 and CD34 as ascertained by f low-cytometric analysis. The inability of sialyl Lewis X-positive ECV304 transfectants to adhere to P-selectin is most probably due to the lack of PSGL-1 or related equivalent proteins. The 300.19͞E-selectin cells adhered to all cells expressing Fuc-T VII, regardless of the presence or absence of 6-Sul-T (Fig. 3 Bottom). This finding indicates that 6-sulfation in a carbohydrate structure is more important for L-selectin than for E-selectin, and is compatible with the well established notion that E-selectin recognizes sialyl Lewis X structure.
Inhibition of Adhesion of L-Selectin-Expressing Cells to Double Transfectant with Anti-Carbohydrate Antibodies. The adhesion of 300.19͞L-selectin cells to the ECV304 cells doubly transfected with 6-Sul-T and Fuc-T VII was inhibited strongly by the antisialyl 6-sulfo Lewis X antibody, G152, as well as the 2H5 antibody (Fig. 4 Top). This also was observed consistently with LS11 and LS12 clones derived from the doubletransfectant cells (Fig. 4 Middle and Bottom). These findings suggest the key importance of sialyl 6-sulfo Lewis X as the capping group of carbohydrate ligand for L-selectin on these cells. Approximately 70-80% inhibition of cell adhesion was attained by G152 or 2H5 antibodies. This is in line with the recent suggestion that products of Fuc-T VII account for about 75% of L-selectin ligand activity, whereas the rest is mediated by the products of Fuc-T IV (12, 13) .
The MECA-79 antibody also exerted weak but statistically significant inhibition of cell adhesion, indicating that the MECA-79-defined determinant is at least partly involved in the L-selectin-mediated cell adhesion. The strongest inhibition of L-selectin-dependent adhesion by the MECA-79 antibody was seen with the LS12 clone, the high expressor of the MECA-79-defined determinant (Fig. 4 Bottom) . Expression of 6-Sul-T and Fuc-T VII mRNA in HUVECs. We have shown previously that 6-Sul-T mRNA is expressed significantly on HEV endothelial cells of peripheral lymph nodes by in situ hybridization (23) . When its expression in cultured endothelial cells was assessed by RT-PCR, the tonsillar endothelial cells were found to express both 6-Sul-T and Fuc-T VII mRNA (Fig. 5 ). HUVECs were found to express significant levels of 6-Sul-T mRNA, which was increased Ϸ2 fold after IL-1␤ stimulation for 24 hr (Fig. 5) . Fuc-T VII mRNA was almost undetectable in HUVECs without cytokine stimulation, but was induced sharply by IL-1␤ (Fig. 5) .
DISCUSSION
Results of this study indicated that functional L-selectin ligands can be reconstituted in an endothelial cell line by the action of two glycosyltransferases: 6-Sul-T and Fuc-T VII. The 2H5-defined sialyl Lewis X-like determinants and the MECA-79-defined sulfated determinants previously had been proposed to detect carbohydrate ligand for L-selectin. The determinant defined by the 2H5 antibody, which had been shown to detect a ''complex type'' sialyl Lewis X-like ligand in HEVs (9), appeared on the ECV304 cells transfected with Fuc-T VII alone as well as on the double transfectant. This indicates that the determinants that have been defined by this antibody on endothelium are products of Fuc-T VII. The 2H5 antibody strongly inhibited the adhesion of L-selectin-expressing cells to the double transfectant. On the other hand, the MECA-79-defined determinant, which has been suggested to be a putative sulfated L-selectin ligand, appeared on the ECV304 cells transfected with 6-Sul-T alone as well as on the double transfectant, indicating that this antibody recognizes products of 6-Sul-T. The MECA-79 antibody also moderately inhibited the adhesion of L-selectin-expressing cells to the doubletransfectant cells. These results imply that these antibodies, which had been used previously for characterization of Lselectin ligands on HEVs, had functionally detected the closely related synthetic products of these two enzymes. However, both antibodies seem to have characterized only partially the L-selectin ligand; 2H5 detected the products of Fuc-T VII, and MECA-79 picked up the products of 6-Sul-T, whereas the functional L-selectin ligand, like the G152-defined determinant, appears only when these two enzymes are activated simultaneously. The carbohydrate capping group, sialyl 6-sulfo Lewis X, is synthesized by the concerted action of the two enzymes and appeared specifically only on the double-transfected cells. The reactivity of the double-transfectant cells to various anticarbohydrate antibodies was very similar to that of HEV endothelial cells in terms of their reactivity to sialyl Lewis X antibodies as well as MECA-79. They were strongly reactive to 2H5 but only weakly reactive to CSLEX-1. We have shown previously that sialyl Lewis X-like L-selectin ligands on HEV are detectable by the 2H5 antibody but not by the CSLEX-1 antibody (9). The CSLEX-1 antibody loses its reactivity when sialyl Lewis X is modified by sulfate residue at the C-6 position of GlcNAc (17) . Significantly suppressed expression of CSLEX-1-defined genuine sialyl Lewis X on the doubletransfectant cells suggests that most of the sialyl Lewis X determinants on these cells are 6-sulfated at GlcNAc moiety. It is expected that sialyl 6-sulfo Lewis X, but not genuine sialyl Lewis X, comprises the major carbohydrate-capping group of L-selectin ligand in the cells and tissues in which the 6-Sul-T is highly active. HEV endothelial cells in human peripheral lymph nodes are one example of such cells because our previous findings indicated that they strongly express sialyl 6-sulfo Lewis X but express an almost negligible amount of conventional sialyl Lewis X. It is reasonable that antisialyl 6-sulfo Lewis X antibody would have a strong inhibitory activity against L-selectin-mediated cell adhesion in such cells and tissues.
However, this does not necessarily indicate unequivocally that sialyl 6-sulfo Lewis X is an extremely preferred capping group compared with conventional sialyl Lewis X for the lectin domain of L-selectin. Our recent in vitro studies as well as those by other workers indicated that binding activity of a pure carbohydrate-capping portion of sialyl 6-sulfo Lewis X with recombinant L-selectin in cell-free experimental systems is only modestly superior (40-60% increase in binding activity) to that of conventional sialyl Lewis X (19, 32) . Although it is possible that such a minute change in the binding activity of monomeric 6-sulfo determinants would result in a marked increase of binding activity in multivalent, cell-to-cell interaction as suggested (33) , this subtle change does not fully explain the large difference we observed in this study in the cell adhesion activity between the single Fuc-T VII transfectant and the double transfectant, which differed in an almost all-or-none fashion. One possibility is that the sialyl 6-sulfo Lewis X-capping group is an indication of the accelerated activity of the two enzymes, and the sulfation located in the more internal carbohydrate chains produced by the 6-Sul-T may play an important role as well as the capping group. The internal sulfation may exert a significant proadhesive effect when presented in conjunction with the appropriate capping group, which could be either sialyl 6-sulfo Lewis X or conventional sialyl Lewis X. It is noteworthy that MECA-79 thus far is unreactive to pure, terminally sulfated carbohydrate determinants in our panels, including sialylated and nonsialylated 6-sulfo Lewis X, 6Ј-sulfo Lewis X, 6,6Ј-disulfo Lewis X, 6-sulfo lactosamine, and 6,6Ј-disulfo lactosamine. It is highly possible that this antibody detects the 6-sulfation present in more internal carbohydrate sequences.
The comparison of the binding of the L-, P-, and E-selectinexpressing cells to the ECV304 cells transfected with 6-sul-T and͞or Fuc-T VII indicated that products of Fuc-T VII are sufficient for E-selectin, whereas L-selectin needs both Fuc-T VII and 6-Sul-T. The results on P-selectin were distinct from those obtained with E-and L-selectin. Even the transfection of both Fuc-T VII and 6-Sul-T was not sufficient for P-selectin, and the results suggested that specific protein backbones are strictly required and essential for P-selectin. We have observed recently that even the Cos-7 cells doubly transfected with 6-Sul-T and Fuc-T VII adhered significantly to 300.19͞L-selectin cells, but not to 300.19͞P-selectin cells (A.K., N.K., and R.K., unpublished results). The carbohydrate determinants detected by G152 in the double-transfectant cells were carried by glycoproteins electrophoresed as a broad band at 90ϳ118 kDa and as multiple bands between 160 and approximately 380 kDa by using gradient gels. O-sialoglycopeptidase treatment of the ECV304͞6-sul-T͞FucT-VII cells reduced the mean fluorescence intensity of G152 or MECA-79 staining in flow-cytometric analysis to 43.5 or 30.0% of the control, respectively, and reduced adhesion of 300.19͞L-selectin cells to 34.2%. These findings indicated that the products of 6-Sul-T and Fuc-T VII are mainly O-linked carbohydrate determinants and are heterogeneous in terms of core proteins. Of course, the possible importance of specific protein backbones to optimize L-selectin ligand activity as suggested (34-37) is not excluded, but the results of the current study corroborate a more critical role for carbohydrate epitopes in L-selectinmediated cell adhesion.
L-selectin first was described as a lymph node homing receptor involved in the adhesion of lymphocytes to HEV endothelial cells (38, 39) . Subsequently, L-selectin also has been implicated in the leukocyte-leukocyte interaction and͞or neutrophil-endothelial interaction at the site of inflammation (40, 41) . In addition, endothelial cells lining blood vessels other than HEVs sometimes express sialyl Lewis X-like ligands in inflammatory lesions (42, 43) . In this study and previously, we and others have shown that both 6-Sul-T (23, 31) and Fuc-T VII (12, 13) are expressed in the endothelial cells and that both enzymes, particularly Fuc-T VII, are up-regulated by appropriate stimuli. Recently, we found that 6-Sul-T mRNA is expressed significantly in leukocytes (31) and that sialyl 6-sulfo Lewis X also is expressed on several subsets of human peripheral leukocytes (K. Ohmori, C.M., N.K., and R.K., unpublished results), which might be relevant to L-selectin-mediated leukocyte-leukocyte interactions. It would be too early to conclude that the newly cloned 6-Sul-T is the only enzyme that serves for L-selectin ligand synthesis, because the possible coexpression of related sulfotransferases has not been excluded at this moment (44) . Similarly, Fuc-T VII may not be the sole fucosyltransferase involved in Lselectin ligand biosynthesis, because Fuc-T IV may also be involved, although much less significantly than Fuc-T VII (12, 
